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ORIGINAL ARTICLE Open Access
New approaches to the analysis of eye
movement behaviour across expertise
while viewing brain MRIs
Emily M. Crowe*, Iain D. Gilchrist and Christopher Kent
Abstract
Brain tumour detection and diagnosis requires clinicians to inspect and analyse brain magnetic resonance images.
Eye-tracking is commonly used to examine observers’ gaze behaviour during such medical image interpretation
tasks, but analysis of eye movement sequences is limited. We therefore used ScanMatch, a novel technique that
compares saccadic eye movement sequences, to examine the effect of expertise and diagnosis on the similarity of
scanning patterns. Diagnostic accuracy was also recorded. Thirty-five participants were classified as Novices, Medics
and Experts based on their level of expertise. Participants completed two brain tumour detection tasks. The first
was a whole-brain task, which consisted of 60 consecutively presented slices from one patient; the second was an
independent-slice detection task, which consisted of 32 independent slices from five different patients. Experts
displayed the highest accuracy and sensitivity followed by Medics and then Novices in the independent-slice task.
Experts showed the highest level of scanning pattern similarity, with medics engaging in the least similar scanning
patterns, for both the whole-brain and independent-slice task. In the independent-slice task, scanning patterns were
the least similar for false negatives across all expertise levels and most similar for experts when they responded correctly.
These results demonstrate the value of using ScanMatch in the medical image perception literature. Future research
adopting this tool could, for example, identify cases that yield low scanning similarity and so provide insight into why
diagnostic errors occur and ultimately help in training radiologists.
Keywords: Brain tumour detection, Eye-tracking, ScanMatch, Expertise, Magnetic resonance imaging, Medical image
perception
Significance
According to the American Brain Tumor Association
(2017), nearly 80,000 cases of primary brain tumour are
expected to be diagnosed in 2017. Clearly, the successful
detection of brain tumours is essential for diagnosis, patient
monitoring, treatment planning and patient prognosis.
Current best practice requires clinicians to inspect and ana-
lyse MRIs. Eye-tracking has commonly been used to exam-
ine the gaze behaviour of observers in this task, but limited
research has examined the sequence of eye movements
observers engage in when searching for abnormalities. We
used a novel technique, ScanMatch, to compare saccadic
eye movement sequences in a brain tumour detection task.
This method utilises both temporal and spatial components
of eye movement sequences and therefore enables a more
detailed investigation into the search behaviour of
observers. This research demonstrates the effective applica-
tion of ScanMatch to the medical image perception litera-
ture thus offering a new approach to the analysis of eye
movement behaviour.
Background
Medical imaging is a crucial tool when making diagnostic
and treatment decisions. Clinicians inspect an image to first
detect and then interpret any abnormalities in the context
of a given medical problem. Approximately 5 billion diag-
nostic examinations are performed worldwide each year
(Ciarrapico et al., 2017), with radiologic image perception
and interpretation occurring at a rate of more than one per
second in the United States (Beam, Krupinski, Kundel,
Sickles, & Wagner, 2006). Despite advances in computer-
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aided detection (CAD), final medical decision-making
resides with clinicians and so is constrained by their per-
ceptual and cognitive abilities. A large body of eye-tracking
research has been conducted to better understand how
clinicians engage in these interrelated processes and so pro-
vide insight into the relationship between visual search and
diagnostic decision-making (Reingold & Sheridan, 2011).
Novice-expert studies, which examine the effect of
expertise on gaze behaviour, have revealed that experts
have faster overall search times to detect and confirm the
presence of an abnormality (Krupinski, 1996; Krupinski et
al., 2006). Experts fixate on lesions, or other regions of
interest, faster and for longer than Novices (Kundel,
Nodine, Conant, & Weinstein, 2007; Nodine, Kundel,
Lauver, & Toto, 1996) and, in clear images, spend more
time fixating regions that are most likely to contain abnor-
malities (Kundel, 1974). Nodine et al. (1996) suggested
that Novices engage in less efficient searches as indexed
by their greater coverage of the medical image (Krupinski,
1996; Manning, Ethell, Donovan, & Crawford, 2006;
Nodine et al., 1996). Such research demonstrates that gaze
behaviour changes as a function of expertise and hints at
the possibility that we may be able to identify what
characterises expertise and how knowledge of this can be
used to improve training practices, and efficiency, for
future clinicians.
Clinicians make diagnostic mistakes, with estimates sug-
gesting approximately 30% false-negative and false-positive
rates in radiology (Krupinski, 2010). The prevalence effect
reveals that observers often miss rare targets, which are not
often encountered in daily medical screening, compared to
more frequently encountered targets (Evans, Tambouret,
Evered, Wilbur, & Wolfe, 2011; Wolfe et al., 2007).
Berbaum et al. (2001) revealed that radiologists are suscep-
tible to satisfaction of search, whereby detection of a first
abnormality detracts for the detection of subsequent abnor-
malities. Drew, Võ, and Wolfe (2013) demonstrated inatten-
tional blindness in radiologists who failed to report seeing a
gorilla within a lung-nodule detection task. Eye-tracking
has therefore been used to investigate why and where
errors occur. Kundel, Nodine, and Carmody (1978)
developed a nodule detection model based on the assump-
tion that prolonged dwell times indicate intensive process-
ing of visual data to enable classification of false-negative
responses to pulmonary nodules into different types of
error. Scanning errors reflect a failure to fixate the lesion
areas and recognition errors occur when the lesion area has
been fixated but an observer does not detect the lesion.
Decision-making errors are those where the interpretation
of a lesion is incorrect. Out of 20 false-negative diagnoses
performed by four radiologists, 30%, 25% and 45% were
classified as scanning, recognition and decision-making
errors, respectively (Kundel et al., 1978). Several researchers
have reported longer fixations for false negatives (Kundel &
Nodine, 2004; Nodine, Mello-Thoms, Kundel, & Weinsten,
2002), indicative of prolonged visual attention. Krupinski
(2005) examined the effect of lesion subtlety on gaze behav-
iour and found that when subtler lesions were detected,
dwell time was longer than for both the more obvious
lesions and false negatives. Taken together these findings
demonstrate a relationship between gaze behaviour and
diagnostic accuracy, with certain behaviours characterising
certain responses.
Scan paths which can capture both temporal and spatial
components of an individual’s search have also been inves-
tigated in the medical image perception literature. Kundel
and Nodine (2004) revealed that quantitative parameters
derived from scan paths can be used to separate mammo-
graphers and trainee mammographers. Gandomkar, Tay,
Brennan, and Mello-Thoms (2017) developed a model
with 86.3% and 85.2% sensitivity and specificity, respect-
ively, that distinguished expert and less experienced
radiologists based on the spatial dynamics of their eye
movements. Such research indicates that gaze behaviours
characterise expertise in medical image interpretation
tasks. Litchfield, Ball, Donovan, Manning, and Crawford
(2008, 2010) revealed that viewing another person’s eye
movements on a lung nodule detection task can improve
performance while Sridharan, Bailey, McNamara, and
Grimm (2012) reported higher sensitivity and specificity
when Novices used a subtle gaze direction (SGD) tech-
nique that actively guides Novices along the scan path of
an expert. Taken together, these studies indicate that
visual guidance aids medical image interpretation.
Research also suggests that scanning patterns are related
to diagnostic accuracy. Davies et al. (2016) examined how
practitioners perceived electrocardiograms (ECGs) and
determined whether visual behaviour can indicate differ-
ences in interpretation accuracy. Their results demon-
strated a difference in the gaze behaviour between correct
and incorrect interpretations of various heart-related
measurements (e.g. identifying hyperkalaemia, torsades de
pointes and atrial flutters) and so highlighted this as a
factor in interpretation accuracy. Voisin, Pinto, Morin-
Ducote, Hudson, and Tourassi (2013) used machine learn-
ing to successfully predict radiologists’ errors during the
diagnosis of mammographic lesions by merging their gaze
behaviour and textural characteristics of the image.
Tourassi, Mazurowski, Harrawood, and Krupinski (2010)
examined the potential of a context-sensitive computer-
assisted detection (CADe) system that is guided by the
user’s focus of attention. The context-sensitive mode of
the system, which analysed radiologists scanning patterns
and diagnostic decisions while inspecting 20 mammo-
grams, reduced radiologists’ perceptual and cognitive
errors in the diagnostic interpretation of screening
mammograms more effectively than the conventional
CADe system. Taken together, the eye-tracking literature
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indicates that scanning patterns are related to diagnostic
accuracy.
However, only a limited amount of research has investi-
gated similarities between the scan paths of participants
viewing medical images. Wooding, Roberts, and Phillips-
Hughes (1999) reported that trainee radiologists (16.5
months experience) showed the least within-group
consistency compared to laymen (0 months experience),
novices (2.3 months experience) and radiologists (90
months experience). Trainee radiologists also showed the
least amount of similarity to radiologists compared to all
other comparison groups. The authors suggested that
trainees go through a developmental phase characterised
by idiosyncratic patterns of attention allocation and eye
movements. Leong, Nicolaou, Emery, Darzi, and Yang
(2007) examined whether experience improves the
consistency of visual search behaviour in fracture identifica-
tion in plain radiographs. Using Kullback-Leibler diver-
gence and Gaussian mixture model fitting, these authors
reported that experts exhibited higher consistency in their
search patterns.
The present study will extend the limited literature exam-
ining the similarity of scan paths. More specifically, we use
ScanMatch (Cristino, Mathôt, Theeuwes, & Gilchrist, 2010)
, a well-established approach to quantifying the similarity
between scanning patterns of individuals. At its core, Scan-
Match is based on the Needleman-Wunsch algorithm, used
commonly for comparing DNA sequences. We chose this
method because it accounts for the temporal, spatial and
sequential components of fixations and so overcomes limi-
tations of existing string edit methods (Cristino et al.,
2010). Moreover, the substitution matrix allows researchers
to encode information about the relationship between
specific regions of interest and so can account for semantic
information as well (Cristino et al., 2010). Madsen, Larson,
Loschky, and Rebello (2012) used ScanMatch to examine
differences in the eye movements of individuals answering
physics questions to examine if there was a difference for
correct versus incorrect answers. This method has also
been used to examine differences in scanning patterns
between Novices and Experts evaluating paintings (Pihko et
al., 2011) and while viewing surgical procedures (Kübler,
Eivazi, & Kasneci, 2015), problem-solving (Nyamsuren &
Taatgen, 2013), face-processing (Chaby, Hupont, Avril,
Luherne-du Boullay, & Chetouani, 2017), and decision-
making (Zhou et al., 2016). Anderson, Anderson,
Kingstone, and Bischof (2015) compared the ability of sev-
eral scan path comparison methods to reveal similarities
both within and between individuals looking at natural
scenes and concluded that ScanMatch is a remarkable
improvement on more simple method string-edit and linear
distance methods. Using this tool, we will investigate the
effect of expertise and diagnosis on the similarity of scan-
ning patterns in a brain tumour detection task using MRIs.
Medical image perception tasks include both static two-
dimensional (2D) image viewing and dynamic stack view-
ing. Stack viewing involves a clinician quickly scrolling
through a stack of 2D images to get a three-dimensional
(3D) impression of the anatomical structure of an organ
(Nakashima, Komori, Maeda, Yoshikawa, & Yokosawa,
2016). The shift from static to dynamic viewing has chan-
ged the task of medical image interpretation with a tiled
set of 2D images containing less information than a volu-
metric image (Krupinski et al., 2012). Medical students
tend to perform worse on volumetric images than on 2D
images (Ravesloot, van der Gijp et al., 2015; Ravesloot,
Van Der Schaaf et al., 2015). van der Gijp et al. (2015)
showed that radiology clerks take more time, and engage
in more and different cognitive processes, when interpret-
ing volumetric images than 2D images with Stuijfzand et
al. (2016) reporting an effect of image information (i.e. 2D
or 3D) on self-reported mental effort used to index cogni-
tive load. 3D volumetric image interpretation better re-
flects the clinical setting for inspecting brain MRI images
in which the brain is separated into cross-sections or
‘slices’. Therefore, in this experiment, it is important to in-
vestigate eye-gaze behaviour in dynamic viewing and the
visual search of clinicians viewing sequentially presented,
dependent, medical images (Drew, Võ, Olwal et al., 2013;
Nakashima et al., 2016). The dependence between sequen-
tial images from the same brain is important as the clin-
ician may use information from previous slices to direct
their attention on the current slice.
Despite the wealth of research into medical image inter-
pretation, most studies have used either the chest or breast
as stimuli (see Reingold & Sheridan, 2011, for a review).
Ostrom et al. (2015) predicted that in 2016 approximately
77,670 primary brain and central nervous system tumours
were expected to be diagnosed in the United States.
Although eye-tracking-based research has assessed clini-
cian’s inspection of brain MRI images for glioma diagnosis
(Cavaro-Ménard, Tanguy, & Le Callet, 2010) and the eye-
gaze distribution of neurologists when viewing CT images
of stroke patients (Matsumoto et al., 2011), there is signifi-
cantly less work examining how clinicians and novices view
MRI images of the brain. To start to address this gap, the
current study uses MRI brain images as stimuli.
Here, we use a novice-expert design to examine how
eye-gaze parameters change across three expertise levels
(i.e. undergraduate students: Novices; third and fourth year
undergraduate medical students: Medics; and medical pro-
fessionals: Experts) in a brain tumour detection task using
MRIs. This study is the first to apply ScanMatch to the
medical image perception literature to better understand
the temporal dynamics of image interpretation. Thirty-five
participants completed both a whole-brain (Experiment
1a) and independent-slice (Experiment 1b) brain tumour
detection task to further investigate a prevalent issue in
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the literature, namely the effect of viewing modality on
visual search and performance. In the whole-brain task,
eye-gaze data was recorded while participants sequentially
viewed 60 slices of a patient’s brain MRI and in the
independent-slice task, both eye-gaze data and perform-
ance measures were recorded when participants inspected
32 brain MRIs (16 tumorous; 16 healthy). This exploratory
work examines the efficacy of a novel technique, Scan-
Match, within the medical image perception literature.
The application this technique could have practical impli-
cations including the development of medical training and




Thirty-five participants were recruited into three groups
based on their level of expertise in brain MRI interpret-
ation. The Novice group consisted of 18 undergraduates at
the University of Bristol studying any subject apart from
medicine, dentistry or veterinary sciences. The Medic group
were ten medical students from the University of Bristol in
either their third (n = 8) or fourth (n = 2) year of study.
Seven Experts were recruited from a National Health
Service (NHS) hospital and consisted of trainee neuroradi-
ologists (n = 3; mean experience 2.5 years), consultant
neuroradiologists (n = 2; mean experience 8 years) and con-
sultant neurologists (n = 2; mean experience 12 years). All
participants had normal or corrected-to-normal vision and
gave written informed consent in accordance with the
Declaration of Helsinki (2008). Ethical approval was ob-
tained from the Faculty of Science Human Research Ethics
Committee at the University of Bristol.
Stimuli and apparatus
All brain images and diagnoses were obtained from a UK
NHS hospital. Stimuli for the whole-brain task consisted
of 60 T2 brain MRI images from one patient with a right
medial temporal lobe intrinsic tumour (see Fig. 1 for
example slices). T1 and T2 images are commonly ac-
quired medical images used in clinical settings for inspect-
ing brains. We used T2 images for the whole-brain task
because this is most heavily relied upon for brain tumour
detection. All stimuli were registered using SPM5 (Penny
et al., 2001). Stimuli were presented using a custom-made
programme written using MATLAB (The MathWorks,
Inc., 2013) and the Psychophysics Toolbox (Psychtoolbox-
3; Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; Pelli,
1997). Eye-gaze data were recorded from the participant’s
dominant eye using the Eye-Link 1000 (SR Research, Mis-
sissauga, ON, Canada), an infrared tracking system that
uses the pupil centre in conjunction with corneal to sam-
ple eye position at 1000 Hz. For each data sample, a dedi-
cated parser algorithm (SR Research, Mississauga, ON,
Canada) computes the instantaneous velocity and acceler-
ation of the eye. These are then compared to threshold
criteria for velocity (30°/s) and acceleration (8000°/s2). If
either is above threshold, the eye movement is classified
as a saccade. A MATLAB script (The MathWorks, Inc.,
2013) was then used to extract all the saccades from the
Eyelink Data File. Using a chin rest, participants viewed
stimuli on a colour laptop monitor (1280 × 800 pixel reso-
lution) from a distance of 50 cm in a darkened room.
Design
This was a mixed design with Expertise Level (Novice,
Medic, Expert) as the between-subject factor and Run
Through (Run 1, Run 2) as the within-subjects factor. In
order to assess intra-group similarity in scanning patterns,
within-group comparison was included as a between-subject
factor (i.e. Novice-Novice, Medic-Medic, Expert-Expert). To
investigate between-group similarity, between-group com-
parison was included as a within-subject factor (e.g. Novice-
Novice, Novice-Medic, Novice-Expert).
Procedure
A standard nine-point calibration and validation pro-
cedure was performed in which observers were asked
Fig. 1 Example slices from the entire brain set used in the stack viewing task, Experiment 1a
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to fixate on a black cross that appeared randomly on a
3 × 3 grid. Following this, participants were instructed
to search the stack of brain MRI images for any
tumorous tissue. Each slice was presented for 1500 ms
and was immediately followed by the subsequent slice.
This process was completed twice with a 2000-ms
break between runs. Participants were told to freely
inspect the brain during both runs. The stimuli were
selected so that the tumour was very clear to all
observers and therefore participants were not required
to provide a diagnosis (see Fig. 1). The task lasted
approximately 4 min.
Analysis
Our analysis focused on the fixation patterns. We mea-
sured the similarity of the sequences of fixations using
ScanMatch (Cristino et al., 2010). A letter-based string
sequence was generated for each participant that
described their fixations. The sequences of different par-
ticipants are then compared using ScanMatch. An align-
ment score is generated and then normalised to provide
a ScanMatch similarity score, namely an index of scan-
ning similarity. A similarity score of 1 indicates that the
sequences are identical while a score of 0 indicates that
there is no similarity. Figure 2 shows details of the Scan-
Match method. More specifically, within-group compari-
sons and between-group comparisons were examined
for Run1 and Run 2. The sequence of fixations for Run
1 and Run 2 were those that were recorded during the
first and second presentation of the 60 slices which
constituted an entire brain, respectively. For each run,
the sequence was presented across all slices, because the
first fixation location on a given slice would have
depended on the final fixation location of the previous
slice. The sequence and duration of fixations were used
to generate a letter-string sequence that corresponded to
spatial locations. We then compared this sequence with
other participants’ sequences.
Figure 3 explains how to interpret different ScanMatch
similarity scores in the context of this experiment. In
order to gain a clearer insight into this, we used the
experimental data as the reference sequence and com-
pared this with a test sequence. The first test sequence
had one fixation replaced with a randomly selected alter-
native fixation. After each comparison, another random
replacement was made in the same manner. This ana-
lysis demonstrates effect of the number of different fixa-
tions between two scanning sequences on ScanMatch
similarity score (see Fig. 3). Of course, the actual pattern
is more complicated than this as ScanMatch takes into
account temporal order, so it does not simply reflect the
number of fixation differences (this is a proxy in order
to illustrate what a difference may mean in terms of
fixation differences).
Results
The results reported below lie in the middle range of Scan-
Match similarity scores (see Fig. 3). This indicates that
scanning patterns are not in high agreement nor entirely
random. Moreover, while many of the reported differences
between conditions are small, they are statistically reliable.
Fig. 2 Simplified details of the ScanMatch method used to calculate
similarity in scanning patterns. The top panel shows the fixations of
two participants overlaid on an example stimulus. A grid-based
region-of-interest (ROI) mask is also overlaid with a combination of
lower- and upper-case letters used to define each ROI. The middle
panel demonstrates the generation of letter sequences used to
describe each participants’ search behaviour and the substitution
matrix that provides information on the relationship between two
ROIs. The bottom panel shows how two participants scanning
behaviour are compared. The colour-coded substitution matrix is
used to calculate an alignment score which indexes how similar two
participants’ scanning behaviour is. Red squares indicate a high score
because the two participants fixated in the same ROI whereas blue
squares indicate a low score because the two participants fixated in
different ROIs. Alignment scores are then normalised to generate a
score between 0 (low similarity) to 1 (high similarity). See Cristino et
al. (2010) for a full description of the ScanMatch method
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A 3 × 2 mixed ANOVA revealed that scanning patterns
were more similar for Run 1 (M = 0.56, 95% confidence
interval [CI] = 0.55–0.57) than Run 2 (M = 0.52, 95% CI =
0.50–0.54), F(1,32) = 27.98, p < 0.001, ηp
2 = 0.466. An
effect of within-group comparison on ScanMatch similarity
scores was also found, F(1,32) = 6.86, p = 0.003, ηp
2 = 0.
300. Experts displayed the most similar scanning patterns
(M = 0.58, 95% CI = 0.55–0.61), followed by Novices (M =
0.54, 95% CI = 0.52–0.56) and then Medics (M = 0.50, 95%
CI = 0.47–0.53). There was no interaction, F(2,32) = 1.72, p
= 0.196, ηp
2 = 0.097.
A similar qualitative pattern of results was observed for
between-group comparisons (see Table 1). Across all
between-group comparisons, scanning similarity was higher
Fig. 3 An illustration of the relationship between scanning sequences and ScanMatch similarity scores. The top panels show the scanning sequence
of a Participant N (note fixations are plotted according to the correct ROIs not the specific fixation location for presentation purposes). The middle
panel shows the effect number of different fixations between two sequences on ScanMatch similarity score. The bottom panel shows scanning
sequences that have 2 (red), 8 (green) and 15 (blue) random fixations inserted into the scanning sequence of Participant N to show the effect of this
on ScanMatch similarity score
Table 1 Means (95% CI) for each between-group comparison
and run through for ScanMatch similarity score
Novice Medic Expert
Novice Run 1 0.55 (0.53–0.58) 0.54 (0.52–0.57) 0.57 (0.54–0.60)
Run 2 0.53 (0.50–0.56) 0.50 (0.47–0.52) 0.54 (0.50–0.57)
Medic Run 1 0.54 (0.51–0.58) 0.53 (0.50–0.56) 0.54 (0.51–0.58)
Run 2 0.51 (0.47–0.55) 0.47 (0.44–0.50) 0.50 (0.43–0.56)
Expert Run 1 0.57 (0.54–0.60) 0.56 (0.53–0.59) 0.61 (0.60–0.62)
Run 2 0.54 (0.49–0.58) 0.51 (0.48–0.53) 0.55 (0.52–0.58)
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for Run 1 than Run 2 (all F > 6.34, p < 0.014). There was an
effect of between-group comparison when comparing
novices against all other expertise levels F(2,34) = 13.10, p <
0.001, ηp
2 = 0.435. Novice-Novice and Novice-Expert com-
parisons were more similar than Novice-Medic compari-
sons. There was also an interaction, F(2,34) = 8.56, p = 0.
001, ηp
2 = 0.335, with all between-group comparisons
revealing higher scanning similarity for Run 1 than Run 2.
Medic-Medic comparisons were less similar than
Medic-Novice comparison and Medic-Expert compari-
son, F(2,18) = 7.34, p = 0.008, ηp
2 = 0.413. Expert-Expert
and Expert-Novice comparisons were more similar than
Expert-Medic comparisons, F(2,12) = 15.83, p < 0.001,
ηp
2 = 0.725. Study participants did not consent to data
sharing so supporting data cannot be made available.
Experiment 1b: independent-slices
Since most existing research uses 2D viewing modalities,
we also examined the effect of expertise and diagnosis
on eye-gaze behaviour and diagnostic accuracy in an
independent-slice brain tumour detection task. This pro-
vides insight into the effect that viewing modality may
have on gaze behaviour in such tasks.
Method
Participants
All participants who completed Experiment 1a also par-
ticipated in Experiment 1b.
Design
This was a mixed design with expertise level (Novice,
Medic, Expert) as the between-subject factor and diagno-
sis (clear, tumorous) as the within-subject factor. For some
analyses, we included stimulus-response classification (i.e.
true positive, false negative, false positive, true negative) as
the within-subject factor. In order to assess within-group
similarity in scanning patterns, within-group comparison
was included as a between-subject factor (i.e. Novice-
Novice, Medic-Medic, Expert-Expert). To investigate
between-group similarity, between-group comparison was
included as a within-subject factor (i.e. each participant
has a similarity score with all expertise groups).
Stimuli and apparatus
Figure 4 shows the stimuli for the static viewing task con-
sisted of 32 images from five patients (four unhealthy; one
healthy). Four slices (two T1; two T2) were used as stimuli
from each unhealthy patients’ scan and so the conspicuity
varied (by-item accuracy: M = 79%, 95% CI 72–85%, with
three cases at ceiling [i.e. 100%]) dependent upon the
location within the scan from which the slice was taken.
Sixteen slices (eight T1; eight T2) were used as stimuli
from the healthy patients’ scan. Registration and
presentation of stimuli was the same as reported for Ex-
periment 1a and the same apparatus was used.
Procedure
Participants completed this task straight after the stack
viewing task. Participants were instructed to inspect the
images freely and decide whether they believed a tumour
was present or absent. Each trial started with a fixation
cross in the centre of the screen upon which participants
had to fixate for the test stimuli to appear. Test stimuli
were presented for 5 s after which participants had to
provide a diagnosis (i.e. tumorous or clear) and confidence
rating (in this case: Guess, Maybe, Probably, Definitely).
All participants were instructed to freely inspect the
images and then provide a diagnostic decision by moving
a mouse over a centrally located array which had the
response options within. Participants were not required to
localise the tumour because we did not want the response
procedure to interfere with scanning patterns. The testing
session took approximately 40 min.
Analysis
Accuracy and confidence ratings were recorded and we
calculated standard signal detection statistics d’, which
indexes observer’s ability to distinguish between tumorous
(target-present) and clear (target-absent) images, and C,
which gives a measure of an observer’s bias to respond
positively or negatively to an image. As with Experiment
1a, ScanMatch similarity scores were calculated. We
calculated scores using both the actual diagnosis (i.e.
tumour-present or absent) and the four categories of the
stimulus-response matrix (true positive, false negative,
false positive, true negative) as independent variables to
fully reflect the diagnostic decision of each participant.
Results
Table 2 shows the mean and standard deviation for the
performance measures. There was an effect of expertise
level on accuracy, F(1,32) = 15.42, p < 0.001, ηp
2 = 0.491.
Experts were more accurate than Medics who were more
accurate than Novices. Expertise level also affected
confidence ratings, F(1,32) = 20.28, p < 0.001, ηp
2 = 0.559.
Experts were more confident than Medics who were more
confident than Novices. Participants reported higher
confidence for tumorous compared to clear images, F(1,32)
= 15.47, p < 0.001, ηp
2 = 0.326. There were no other effects
on accuracy or confidence (all F < 1.51, p > 0.236). There
was an effect of expertise level on discriminability, F(2, 34)
= 19.34, p < 0.001, ηp
2 = 0.547. Medics were more sensitive
than Novices and Experts were more sensitive than Medics.
There was no effect of expertise level on bias, F(2, 34) = 1.
78, p = 0.185, ηp
2 = 0.100.
We first analysed the results using a 3 (within-group
comparison: Novice-Novice, Medic-Medic, Expert-Expert)
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× 2 (diagnosis: tumorous, clear) by within-group compari-
son and diagnosis (i.e. tumorous or clear). A main effect
of within-group comparison, F(1,32) = 12.88, p < 0.001,
ηp
2 = 0.446, was revealed. Medics (M = 0.51, 95% CI = 0.
48–0.54) had less similar scanning patterns than both
Novices (M = 0.55, 95% CI = 0.53–0.57) and Experts (M =
0.58, 95% CI = 0.57–0.59). There was also a main effect of
diagnosis, F(1, 32) = 4.59, p = 0.040, ηp
2 = 0.125. Scanning
patterns were more similar for clear (M = 0.55, 95% CI =
0.54–0.56) than tumorous images (M = 0.54, 95% CI 0.
53–0.55). There was no interaction, F(2, 32) = 0.19, p = 0.
829, ηp
2 = 0.012.
Table 3 shows the between-group comparison for each
diagnosis. Three 3 × 2 repeated measures ANOVAs were
conducted to examine between-group similarity in scan-
ning patterns (e.g. Novice-Novice; Novice-Medic; Novice-
Expert). When comparing Novices to all other expertise
levels there was a main effect of between-group compari-
son, F(2,34) = 78.75, p < 0.001, ηp
2 = 0.822. Novices had
less similar scanning patterns to Medics than to
themselves and Experts. There was an effect of diagnosis,
F(1,37) = 4.98, p = 0.039, ηp
2 = 0.227. Scanning patterns
were more similar for clear compared with tumorous
images. There was also an interaction, F(2,34) = 12.06, p <
0.001, ηp
2 = 0.541, with scanning patterns being most
similar for clear images across all between-group compari-
sons (see Fig. 5).
We also examined differences in Medics scanning pat-
terns compared to themselves, Novices and Experts. There
was a main effect of between-group comparison, F(2,18) =
12.33, p < 0.001, ηp
2 = .578. Medics were less similar in
their scanning patterns to themselves than to Novices and
Experts. There was no effect of diagnosis, F(1,9) = 2.46, p =
0.151, ηp
2 = 0.215, and no interaction between diagnosis
and between-group comparison, F(2, 18) = 2.75, p = 0.091,
ηp
2 = 0.234.
Using Experts as the reference, there was a main effect
of between-group comparison, F(2,12) = 91.97, p < 0.001,
ηp
2 = 0.939. Experts were more similar to themselves than
Novices and Medics. There was a main effect of diagnosis,
F(1,6) = 8.30, p = 0.028, ηp
2 = 0.580. Scanning patterns
were more similar for clear compared to tumorous
images. There was an interaction, F(2, 12) = 9.44, p = 0.
003, ηp
2 = 0.611, with scanning patterns being most
similar for clear images across all comparisons (see Fig. 6).
A 3 × 4 mixed ANOVA was used to examine differences
in the scanning patterns within each expertise group and
the effect of stimulus-response classification (i.e. true posi-
tive, false positive, true negative, false negative) on scanning
pattern similarity. There was a main effect of within-group
comparison, F(2,26) = 8.74, p = 0.001, ηp
2 = 0.402. Medics
engaged in less similar scanning patterns with each other
(M = 0.50, 95% CI = 0.47–0.53) than Novices (M = 0.55,
95% CI = 0.52–0.58) and Experts (M = 0.55, 95% CI = 0.
50–0.60). There was also a main effect of stimulus-
response category, F(3,78) = 7.28, p = 0.002, ηp
2 = 0.219.
Scanning patterns were less similar for false negatives (M =
0.51, 95% CI = 0.49–0.53) than true positives (M = 0.54,
95% CI = 0.53–0.55), false positives (M = 0.54, 95% CI = 0.
52–0.56) and true negatives (M = 0.55, 95% CI = 0.53–0.
Fig. 4 Example slices from the static viewing task. Images (a) (T2) and (b) (T1) are from patient 1, (c) (T2) and (d) (T1) are from patient 2, (e) (T2)
and (f) (T1) are from patient 3, (g) (T2) and (h) (T1) are from patient 4 and (i) (T2) and (j) (T1) from are from patient 5
Table 2 Mean and standard deviations (in parentheses) for performance measures in Experiment 1B
Accuracy Confidence d’ C
Tumour Clear Tumour Clear
Novice 0.68 (0.13) 0.79 (0.13) 1.47 (0.46) 1.29 (0.48) 1.43 (0.53) 0.20 (0.35)
Medic 0.81 (0.12) 0.84 (0.18) 2.07 (0.25) 1.88 (0.42) 2.09 (0.58) 0.08 (0.48)
Expert 0.95 (0.04) 0.90 (0.12) 2.61 (0.35) 2.15 (0.44) 2.88 (0.47) 0.13 (0.30)
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57). There was some evidence for an interaction, F(6,78) =
2.38, p = 0.063, ηp
2 = 0.155. Figure 7 shows that Experts
were more similar in their scanning patterns for true
positives (M = 0.58, 95% CI = 0.57–0.59) and true negatives
(M = 0.59, 95% CI = 0.58–0.60), namely on correct trials,
than false positives (M = 0.50, 95% CI = 0.45–0.55) and
false negatives (M = 0.49, 95% CI = 0.44–0.54). Medics
were less similar for false negatives (M = 0.46, 95% CI = 0.
44–0.48) than true positives (M = 0.52, 95% CI = 0.51–0.
53), false positives (M = 0.50, 95% CI = 0.46–0.54) and true
negatives (M = 0.51, 95% = 0.49–0.53). It was not possible
to examine between-group similarity in scanning patterns
using stimulus-response classification because this requires
two participants to provide the same response on a given
stimuli which resulted in very small sample sizes. Study
participants did not consent to data sharing so supporting
data cannot be made available.
Discussion
This study examined the effect of expertise and diagnosis
on performance and gaze behaviour in a brain tumour
detection task using MRI scans. Novices, medical students
and experts completed both a whole-brain tumour
detection task, which better reflects the clinical setting,
and an independent-slice brain tumour detection task
commonly used in experimental research. In the inde-
pendent task (Experiment 1b), diagnostic accuracy was re-
corded and revealed that Experts were the most accurate,
confident and sensitive, followed by Medics and then
Novices. This fits with the existing literature that diagnos-
tic performance improves with expertise (Crowley, Naus,
Stewart, & Friedman, 2003; Donovan & Litchfield, 2013)
and confirms that participants were appropriately classi-
fied according to expertise level. A limitation of the task,
however, was that participants were not required to local-
ise the tumour and therefore could have been correct for
the wrong reasons. Future research should collect localisa-
tion responses to provide more insight into the decision-
making process. In addition, this result offers some insight
into the development of expertise because three expertise
levels were included. Medics, whose previous exposure to
brain MRIs was to learn about brain structures and who
had no formal training on the interpretation of brain
MRIs, were more accurate and displayed higher sensitivity
than Novices. We propose that their superior performance
was driven by their knowledge of brain anatomy rather
than perceptual skill. This fits with both Snowden, Davies,
and Roling (2000) who reported that experience with a
given stimulus enhances one’s sensitivity to critical
features essential for detecting abnormalities and Nodine
et al. (1999) who suggested that differences in resident
performance resulted primarily from a lack of perceptual-
learning experience. These findings indicate that percep-
tual skill is acquired with expertise but, since our Medics
had little exposure to brain MRIs, it is unlikely that the
perceptual component of medical image interpretation dif-
ferentiated Novices’ and Medics’ performance on this task.
Fig. 5 Interaction between between-group comparison and diagnosis on ScanMatch similarity score when Novices are the reference group. Error
bars represent standard error
Table 3 Means (95% CI) for each between-group comparison
and actual diagnosis for ScanMatch similarity scores
Novice Medic Expert
Novice Tumorous 0.55 (0.53–0.57) 0.52 (0.51–0.53) 0.55 (0.53–0.57)
Clear 0.56 (0.54–0.57) 0.53 (0.52–0.55) 0.57 (0.55–0.59)
Medic Tumorous 0.53 (0.48–0.58) 0.50 (0.47–0.53) 0.52 (0.48–0.56)
Clear 0.54 (0.49–0.58) 0.51 (0.48–0.54) 0.53 (0.49–0.58)
Expert Tumorous 0.55 (0.54–0.56) 0.53 (0.52–0.54) 0.57 (0.56–0.59)
Clear 0.57 (0.56–0.58) 0.54 (0.53–0.55) 0.59 (0.57–0.60)
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Since cross-sectional image interpretation now commonly
uses volumetric images for diagnostic decision-making, we
were interested in whether the same qualitative pattern of
results was revealed when participants completed a whole-
brain and independent-slice brain tumour detection task.
This study was novel in examining eye-gaze behaviour in
both viewing conditions which is a prevalent issue in the
literature given the different demands of either tasks
(Krupinski et al., 2012; Stuijfzand et al., 2016). A limitation
of the whole-brain task was that each slice was presented
for a fixed 1500-ms duration which does not reflect clinical
practice in which clinicians can scroll freely through the
image in any direction at their desired speed. Nevertheless,
such dynamic stimulus presentations are still used within
the literature (Nakashima et al., 2016). By controlling the
presentation of stimuli, we were also able to directly
compare Novices and Experts, which would not be possible
if viewing times and styles varied greatly. The whole-brain
task revealed that scanning patterns were more similar for
Run 1 than Run 2. One interpretation is that scanning
patterns in Run 1 were largely driven by saliency which sup-
ports models of visual saliency whereby fast and primitive
bottom-up processes bias the observer towards the most
salient stimuli in the early stages of exposure (Parkhurst,
Law, & Niebur, 2002). In contrast, during Run 2, top-down
processes such as prior experience (i.e. information from
Fig. 7 Interaction between within-group comparison and stimulus-response classification on ScanMatch similarity score. Error bars represent
standard error
Fig. 6 Interaction between between-group comparison and diagnosis on ScanMatch similarity score when Experts are the reference group. Error
bars represent standard error
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Run 1) and clinical knowledge guided visual attention in a
goal-oriented manner that contributed to larger disparities
in scanning patterns. We must acknowledge that the task
given to participants, namely ‘Search for a tumour’ is much
more well-defined than that experienced in a real clinical
setting in which clinicians must search for various different
diseases (e.g. haemorrhages) and therefore future research
should try to replicate the clinical setting more closely.
The effect of expertise on scanning pattern similarity was
consistent across both tasks. Experts engaged in the most
similar inspection techniques, followed by novices and
finally medical students (see Tables 1 and 3). This finding
fits with both Leong et al. (2007) and Wooding et al. (1999)
who reported that the most experienced observers showed
greater consistency in their search patterns. Radiologists
have undergone specific training and so acquired clinical
knowledge that guides their search. More specifically,
knowledge of the informative areas within an image and
the probability distribution of areas likely to contain a
tumour which increases the chances that they will fixate
these regions in a similar order. We therefore propose that
similar scanning patterns among experts are a consequence
of specialised radiology training or expertise. Novices had
no clinical knowledge of brain anatomy, so their searches
were likely more driven by saliency cues such as asymmetry
and contrast. This fits with research from standard visual
search tasks in which visual features of an image, such as
asymmetry, guide visual attention (Wolfe & Horowitz,
2004) and Matsumoto et al.’s (2011) finding that, when
viewing brain computed tomography (CT) images, the
areas novices frequently fixated often coincided with areas
identified as outstanding in saliency maps. Medics had
some clinical knowledge of the brain and so their search
will have been driven by a combination of saliency cues and
knowledge of brain anatomy. Several factors, such as age,
nationality and sex, motivation and enthusiasm predict
outcomes at medical school (Adam et al., 2015; Vaughan,
Sanders, Crossley, O’neill, & Wass, 2015) and so it is likely
that these medical students had different levels of clinical
knowledge that contributed to more idiosyncratic scanning
patterns. In line with Wooding et al. (1999), we propose
that it is possible that the acquisition of expertise is not a
smooth transition and that trainee radiologists become
more dissimilar during their training.
According to ScanMatch, the least similar scanning pat-
terns were observed on false-negative trials across all
within-group comparisons (see Fig. 7). The Global-Focal
Search Model postulates that, when viewing a medical
image, observers obtain a global impression of the image
which constrains subsequent search (Nodine & Kundel,
1987). Similarly, the Two-Stage Detection Model (Swens-
son, 1980) asserts that experts use visual mechanisms that
act as a filter to constrain the features that warrant further
examination. Kundel, Nodine, Krupinski, and Mello-
Thoms (2008) proposed that the strategy used by
radiologists in interpreting medical images consists of a
‘look-detect-scan’ pattern which has a prominent role for
a gestalt-like stage of processing. These models fit with
the dual-pathway model of visual awareness (Drew, Evans,
Võ, Jacobson, & Wolfe, 2013; Wolfe, Vo, Evans, & Greene,
2011) which proposes that search in natural scenes is best
explained by two routes: (1) a ‘non-selective’ pathway
enables the extraction of global statistical information
from within an image (global processing); (2) a ‘selective
pathway’ in which individuals select candidate objects for
focal processing (Wolfe et al., 2011). It is possible that the
lowest scanning similarity was revealed for false negatives
because observers did not detect the global irregularities
that would drive the subsequent search. Therefore,
observers engaged in a less systematic search of the brain
and failed to detect the tumour. However, this line of
reasoning would also suggest that low scanning similarity
would be observed for true negatives because there are
also no global irregularities to guide the subsequent
search, but this result was not observed. Such findings
indicate that models of medical image perception should
incorporate the visual search process undertaken when
global irregularities are not detected by an observer.
Classifying diagnostic accuracy into stimulus-response
categories without systematically manipulating the level of
conspicuousness of each tumour is a limitation of the
present study. It is possible that diagnostic accuracy was
affected by the conspicuity of the stimuli and therefore
future research should be conducted to address this issue.
For the Expert group, correct diagnosis (i.e. true posi-
tives and true negatives) were characterised by higher
scanning similarity (see Fig. 7). In line with models of
visual search in medical image perception, we postulate
that scanning similarity is higher for experts on true-
positive trials because experts extract the global proper-
ties of an image to constrain the subsequent search in a
similar manner to each other. It is possible that high
similarity was observed for true-negative trials because
experts did not extract global irregularities at the start of
their search and instead reverted to a more default
scanning pattern. More research is required to under-
stand the training processes undertaken by radiologists
to explore whether such default patterns are taught
during training.
Where studies have looked at the similarities or agree-
ment in observers, they have tended to use brain tumour
delineation tasks. Low inter- and intra-observer variability
is well documented in clinicians delineating brain tumours
(Crowe, Alderson, Rossiter, & Kent, 2017; Mazzara,
Velthuizen, Pearlman, Greenberg, & Wagner, 2004; Mura-
kami, Hirai, Toya, Nakamura, & Yamashita, 2012; Weltens
et al., 2001). This line of research highlights the need to
obtain high agreement in tasks relevant to medical image
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perception to assure consistency both within and between
clinicians responsible for making diagnostic decisions.
Future research is needed to apply ScanMatch to larger
datasets and address questions with clear practical implica-
tions. For example, examining intra-observer variability at
different timepoints (e.g. first and last case of the day) could
provide insight into the effect of internal factors on
performance (e.g. fatigue) and comparing scan paths could
facilitate monitoring the development of expertise among
trainee radiologists. Moreover, identifying scanning patterns
that are related to a certain diagnosis could provide insight
into why certain diagnostic errors occur and therefore
contribute the development of innovative training routines
(Krupinski, 2006). A limitation of our study was that we did
not obtain any localisation information (i.e. where partici-
pants thought the tumour was). These data would have
enabled us to use free-responses ROC (FROC) analysis to
evaluate observers’ performance which is a statistically
more powerful method (Krupinski, 2010). Moreover, exam-
ining location information would facilitate differentiating
between certain types of error.
This study extends the limited literature examining
the effect of expertise and diagnosis on brain tumour de-
tection using MRI images. Both whole-brain and
independent-slice brain tumour detection tasks revealed
a similar qualitative pattern of results but the effect of
viewing modality on gaze behaviour and diagnostic ac-
curacy remains understudied in the literature. We dem-
onstrate the effective application of ScanMatch to the
medical interpretation literature and revealed that both
expertise level and diagnosis affects the similarity of
scanning patterns. Although this is preliminary work,
the ScanMatch method is a novel analysis tool that pro-
vides insight into both the temporal and spatial compo-
nents of saccadic eye-movement sequences.
Conclusion
In summary, this is the first study to apply ScanMatch
to the medical image perception literature and suggest
that both expertise and diagnosis affect the similarity of
scanning patterns in a brain tumour detection task using
MRI images. Experts engaged in the most similar scan-
ning patterns for both whole-brain and independent
slice viewing modalities and, in the independent-slice
viewing task, these patterns were most similar when ex-
perts gave a correct diagnosis. We demonstrate the effi-
cacy of using ScanMatch in medical image perception
research and so propose that further research is war-
ranted to identify scanning patterns in different present-
ing medical problems to help increase diagnostic
success. Subsequent research adopting this method can
address research questions with the potential to inform
training practices undertaken by trainee radiologists.
Abbreviations
CAD: Computer-aided detection; CADe: Computer-assisted detection;
CT: Computed tomography; ECG: Electrocardiogram; MRI: Magnetic
resonance imaging; NHS: National Health Service
Acknowledgements
We would like to thank Dr Ute Leonards for technical assistance, Dr Bill
Alderson for providing the stimuli and help in data collection and Robert
Crowe for help with the figures. We would also like to thank Dr Gillian Vivian
for her time discussing this project.
Funding
Iain Gilchrist’s contribution to this work was supported by a grant from the
UK Engineering and Physical Sciences Research Council (EP/M000885/1).
Availability of data and materials
Data will not be publicly available because this study was conducted before
the Declaration of Helsinki (2013) and so we did not obtain consent from
participants for Open Access. Data will be available on request from the
corresponding author.
Authors’ contributions
EC and CK were responsible for the conception and design. EC was responsible
for data collection. EC, CK and IDG were responsible for drafting of the report
and analysis. CK was responsible for experimental software programming. All
authors read and approved the final manuscript.
Ethics approval and consent to participate
Ethical approval was obtained from the Faculty of Science Human Research




The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
competing interest.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 23 June 2017 Accepted: 15 March 2018
References
Adam, J., Bore, M., Childs, R., Dunn, J., Mckendree, J., Munro, D., & Powis, D. (2015).
Predictors of professional behaviour and academic outcomes in a UK
medical school: A longitudinal cohort study. Medical Teacher, 37, 868–880.
https://doi.org/10.3109/0142159X.2015.1009023.
American Brain Tumor Association. http://www.abta.org/about-us/news/brain-
tumor-statistics. Accessed 29 May 2017.
Anderson, N. C., Anderson, F., Kingstone, A., & Bischof, W. F. (2015). A comparison
of scanpath comparison methods. Behavior Research Methods, 47, 1377–1392.
https://doi.org/10.3758/s13428-014-0550-3.
Beam, C. A., Krupinski, E. A., Kundel, H. L., Sickles, E. A., & Wagner, R. F. (2006). The place
of medical image perception in 21st-century health care. Journal of the American
College of Radiology, 3, 409–412. https://doi.org/10.1016/j.jacr.2006.02.029.
Berbaum, K. S., Brandser, E. A., Franken, E. A., Dorfman, D. D., Caldwell, R. T., &
Krupinski, E. A. (2001). Gaze dwell times on acute trauma injuries missed
because of satisfaction of search. Academic Radiology, 8, 304–314. https://doi.
org/10.1016/S1076-6332(03)80499-3.
Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10, 433–436.
Cavaro-Ménard, C., Tanguy, J. Y., & Le Callet, P. (2010). Eye-position recording
during brain MRI examination to identify and characterize steps of glioma
diagnosis, Medical imaging: Image perception, observer performance, and
technology assessment (). San Diego, CA: SPIE 7627. https://doi.org/10.
1117/12.844505.
Chaby, L., Hupont, I., Avril, M., Luherne-du Boullay, V., & Chetouani, M. (2017).
Gaze behavior consistency among older and younger adults when looking
Crowe et al. Cognitive Research: Principles and Implications  (2018) 3:12 Page 12 of 14
at emotional faces. Frontiers in Psychology, 5, 548. https://doi.org/10.3389/
fpsyg.2017.00548.
Ciarrapico, A. M., Ugenti, R., Di Minco, L., Santori, E., Altobelli, S., Coco, I., …
Simonetti, G. (2017). Diagnostic imaging and spending review: Extreme
problems call for extreme measures. La Radiologia Medica, 122, 288–293.
https://doi.org/10.1007/s11547-016-0721-7.
Cristino, F., Mathôt, S., Theeuwes, J., & Gilchrist, I. D. (2010). ScanMatch: A novel
method for comparing fixation sequences. Behaviour Research Methods, 42,
692–700. https://doi.org/10.3758/BRM.42.3.692.
Crowe, E. M., Alderson, W., Rossiter, J., & Kent, C. (2017). Expertise effects inter-
observer variability at peripheral tumor locations. Expertise Affects Inter-
ObserverAgreement at Peripheral Locations within a Brain Tumor. Frontiers
in psychology, 8, 1628. https://doi.org/10.3389/fpsyg.2017.01628.
Crowley, R. S., Naus, G. J., Stewart, J., & Friedman, C. P. (2003). Development of
visual diagnostic expertise in pathology-an information-processing study.
Journal of the American Medical Informatics Association, 10, 39–51. https://doi.
org/10.1197/jamia.M1123.
Davies, A., Brown, G., Vigo, M., Harper, S., Horseman, L., Splendiani, B., … Jay, C.
(2016). Exploring the relationship between eye movements and
electrocardiogram interpretation accuracy. Scientific Reports, 6, 38227. https://
doi.org/10.1038/srep38227.
Donovan, T., & Litchfield, D. (2013). Looking for cancer: Expertise related
differences in searching and decision making. Applied Cognitive Psychology,
27, 43–49. https://doi.org/10.1002/acp.2869 1013606-1013606 https://doi.org/
10.1117/12.2254527.
Drew, T., Evans, K., Võ, M. L. H., Jacobson, F. L., & Wolfe, J. M. (2013). Informatics in
radiology: What can you see in a single glance and how might this guide
visual search in medical images? Radiographics, 33, 263–274. https://doi.org/
10.1148/rg.331125023.
Drew, T., Võ, M. L. H., Olwal, A., Jacobson, F. L., Seltzer, S. E., & Wolfe, J. M. (2013).
Scanner and drillers: Characterzing expert visual search through volumetric
images. Journal of Vision, 13, 3–3. https://doi.org/10.1167/13.10.3.
Drew, T., Võ, M. L. H., & Wolfe, J. M. (2013). The invisible gorilla strikes again
sustained inattentional blindness in expert observers. Psychological Science,
24, 1848–1853. https://doi.org/10.1007/s00426-011-0379-7.
Evans, K. K., Tambouret, R. H., Evered, A., Wilbur, D. C., & Wolfe, J. M. (2011).
Prevalence of abnormalities influences cytologists' error rates in screening for
cervical cancer. Archives of Pathology & Laboratory Medicine, 135, 1557–1560.
https://doi.org/10.5858/arpa.2010-0739-OA.
Gandomkar, Z., Tay, K., Brennan, P. C., & Mello-Thoms, C. (2017). A model based
on temporal dynamics of fixations for distinguishing expert radiologists’
scanpaths. In M. A. Krupinski, & R. M. Nishikawa (Eds.), Medical Imaging 2017:
Image Perception, Observer Performance, and Technology Assessment, 10136,
1013606. International Society for Optics and Photonics. https://doi.org/10.
1117/12.2254527.
Kleiner, M., Brainard, D., & Pelli, D. (2007). What’s new in Psychtoolbox-3?
Perception, 36(14), 1.
Krupinski, E. A. (1996). Visual scanning patterns of radiologists searching
mammograms. Academic Radiology, 3, 137–144. https://doi.org/10.1016/
S1076-6332(05)80381-2.
Krupinski, E. A. (2005). Visual search of mammographic images: Influence of
lesion subtlety1. Academic Radiology, 12, 965–969. https://doi.org/10.1016/
j.acra.2005.03.071.
Krupinski, E. A. (2006). Using the human observer to assess medical image display
quality. Journal of the Society for Information Display, 14, 927–932. https://doi.
org/10.1889/1.2372427.
Krupinski, E. A. (2010). Current perspectives in medical image perception.
Attention, Perception, & Psychophysics, 72, 1205–1217. https://doi.org/10.
3758/APP.72.5.1205.
Krupinski, E. A., Berbaum, K. S., Caldwell, R. T., Schartz, K. M., Madsen, M. T., &
Kramer, D. J. (2012). Do long radiology workdays affect nodule detection in
dynamic CT interpretation? Journal of the American College of Radiology, 9,
191–198. https://doi.org/10.1016/j.jacr.2011.11.013.
Krupinski, E. A., Tillack, A. A., Richter, L., Henderson, J. T., Bhattacharyya, A. K., Scott,
K. M., … Weinstein, R. S. (2006). Eye-movement study and human
performance using telepathology virtual slides. Implications for medical
education and differences with experience. Human Pathology, 37, 1543–1556.
https://doi.org/10.1016/j.humpath.2006.08.024.
Kübler, T., Eivazi, S., & Kasneci, E. (2015). Automated visual scanpath analysis
reveals the expertise level of micro-neurosurgeons. In MICCAI workshop on
interventional microscopy, Munich, Germany.
Kundel, H. L. (1974). Visual sampling and estimates of the location of information
on chest films. Investigative Radiology, 9, 87–93.
Kundel, H. L., & Nodine, C. F. (2004). Modeling visual search during mammogram
viewing. In D. P. Chakraborty, & M. P. Eckstein (Eds.), Medical imaging 2004:
Image perception, observer performance and technology assessment, (pp. 110–
115). SPIE 5372. https://doi.org/10.1117/12.538063.
Kundel, H. L., Nodine, C. F., & Carmody, D. (1978). Visual scanning, pattern
recognition and decision-making in pulmonary nodule detection.
Investigative Radiology, 13, 175–181.
Kundel, H. L., Nodine, C. F., Conant, E. F., & Weinstein, S. P. (2007). Holistic
component of image perception in mammogram interpretation: Gaze-tracking
study 1. Radiology, 242, 396–402. https://doi.org/10.1148/radiol.2422051997.
Kundel, H. L., Nodine, C. F., Krupinski, E. A., & Mello-Thoms, C. (2008). Using gaze-
tracking data and mixture distribution analysis to support a holistic model
for the detection of cancers on mammograms. Academic Radiology, 15, 881–
886. https://doi.org/10.1016/j.acra.2008.01.023.
Leong, J. J. H., Nicolaou, M., Emery, R. J., Darzi, A. W., & Yang, G. Z. (2007). Visual
search behaviour in skeletal radiographs: A cross-speciality study. Clinical
Radiology, 62, 1069–1077. https://doi.org/10.1016/j.crad.2007.05.008.
Litchfield, D., Ball, L. J., Donovan, T., Manning, D., & Crawford, T. (2010). Viewing
another person’s eye movements improves identification of pulmonary
nodules in chest x-ray inspection. Journal of Experimental Psychology: Applied,
16, 251–262. https://doi.org/10.1037/a0020082.
Litchfield, D., Ball, L. J., Donovan, T., Manning, D. J., & Crawford, T. (2008). Learning from
others: Effects of viewing another person’s eye movements while searching for
chest nodules. Medical Imaging, 691715–691724. https://doi.org/10.1117/12.768812.
Madsen, A. M, Larson, A. M, Loschky, L. C, & Rebello, N. S. (2012). Using
ScanMatch scores to understand differences in eye movements between
correct and incorrect solvers on physics problems. Paper presented at the
Symposium on Eye Tracking Research and Applications, Santa Barbara.
https://doi.org/10.1145/2168556.2168591.
Manning, D., Ethell, S., Donovan, T., & Crawford, T. (2006). How do radiologists do
it? The influence of experience and training on searching for chest nodules.
Radiography, 12, 134–142. https://doi.org/10.1016/j.radi.2005.02.003.
Matsumoto, H., Terao, Y., Yugeta, A., Fukuda, H., Emoto, M., Furubayashi, T., …
Ugawa, Y. (2011). Where do neurologists look when viewing brain CT
images? An eye-tracking study involving stroke cases. PLoS One, 6, e28928.
https://doi.org/10.1371/journal.pone.0028928.
Mazzara, G., Velthuizen, R., Pearlman, J., Greenberg, H., & Wagner, H. (2004). Brain
tumor target volume determination for radiation treatment planning through
automated MRI segmentation. International Journal of Radiation Oncology,
Biology, and Physics, 59, 300–312. https://doi.org/10.1016/j.ijrobp.2004.01.026.
Murakami, R., Hirai, T., Toya, R., Nakamura, H., & Yamashita, Y. (2012). Double
reading for gross tumor volume assessment in radiotherapy planning.
Journal of Solid Tumors, 2, 38–43. https://doi.org/10.5430/jst.v2n4p38.
Nakashima, R., Komori, Y., Maeda, E., Yoshikawa, T., & Yokosawa, K. (2016).
Temporal characteristics of Radiologists’ and Novices’ lesion detection in
viewing medical images presented rapidly and sequentially. Frontiers in
Psychology, 7, 1553. https://doi.org/10.3389/fpsyg.2016.01553.
Nodine, C. F., & Kundel, H. L. (1987). Using eye movements to study visual search
and to improve tumor detection. Radiographics, 7, 1241–1250. https://doi.
org/10.1148/radiographics.7.6.3423330.
Nodine, C. F., Kundel, H. L., Lauver, S. C., & Toto, L. C. (1996). Nature of expertise in
searching mammograms for breast masses. Academic Radiology, 3, 1000–
1006. https://doi.org/10.1016/S1076-6332(96)80032-8.
Nodine, C. F., Kundel, H. L., Mello-Thoms, C., Weinstein, S. P., Orel, S. G., Sullivan, D.
C., & Conant, E. F. (1999). How experience and training influence
mammography expertise. Academic Radiology, 6, 575–585.
Nodine, C. F., Mello-Thoms, C., Kundel, H. L., & Weinsten, S. P. (2002). Time course of
perception and decision making during mammographic interpretation. American
Journal of Roentgenology, 179, 917–923. https://doi.org/10.2214/ajr.179.4.1790917.
Nyamsuren, E., & Taatgen, N. A. (2013). The effect of visual representation style in
problem-solving: A perspective from cognitive processes. PLoS One, 8,
e80550. https://doi.org/10.1371/journal.pone.0080550.
Ostrom, Q. T., Gittleman, H., Fulop, J., Liu, M., Blanda, R., Kromer, C., … Barnholtz-
Sloan, J. S. (2015). CBTRUS statistical report: Primary brain and central nervous
system tumors diagnosed in the United States in 2008–2012. Journal of
Neuro-Oncology, 17, 1–62. https://doi.org/10.1093/neuonc/nov189.
Parkhurst, D., Law, K., & Niebur, E. (2002). Modelling the role of salience in the
allocation of overt visual attention. Vision Research, 42, 107–123. https://doi.
org/10.1016/S0042-6989(01)00250-4.
Crowe et al. Cognitive Research: Principles and Implications  (2018) 3:12 Page 13 of 14
Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics:
Transforming numbers into movies. Spatial Vision, 10, 437–442.
Penny, W. D., Ashburner, J., Kiebel, S., Hendson, R., Glaser, D. E., Phillips, C., & Friston,
K. (2001). Statistical parametric mapping: An annotated bibliography. London:
Wellcome Department of Imaging Neuroscience, University College London.
Pihko, E., Virtanen, A., Saarinen, V. M., Pannasch, S., Hirvenkari, L., Tossavainen, T.,
… Hari, R. (2011). Experiencing art: The influence of expertise and painting
abstraction level. Frontiers in Human Neuroscience, 5, 94. https://doi.org/10.
3389/fnhum.2011.00094.
Ravesloot, C. J., van der Gijp, A., van der Schaaf, M. F., Huige, J. C., Vincken, K. L.,
Mol, C. P., … van Schaik, J. P. (2015). Support for external validity of
radiological anatomy tests using volumetric images. Academic Radiology, 22,
640–645. https://doi.org/10.1016/j.acra.2014.12.013.
Ravesloot, C. J., Van Der Schaaf, M. F., Van Schaik, J. P., Ten Cate, O. T. J., Van Der
Gijp, A., Mol, C. P., & Vincken, K. L. (2015). Volumetric CT-images improve
testing of radiological image interpretation skills. European Journal of
Radiology, 84, 856–861. https://doi.org/10.1016/j.ejrad.2014.12.015.
Reingold, E. M., & Sheridan, H. (2011). Eye movements and visual expertise in chess and
medicine. In S. P. Liversedge, I. Gilchrist, & S. Everling (Eds.), Oxford handbook on
eye movements, (pp. 528–550). New York, NY: Oxford University Press.
Snowden, P. T., Davies, I., & Roling, P. (2000). Perceptual learning of the detection
of features in X-ray images: A functional role for improvements in adults’
visual sensitivity? Journal of Experimental Psychology: Human Perception and
Performance, 26, 379–390. https://doi.org/10.1037/0096-1523.26.1.379.
Sridharan, S., Bailey, R., McNamara, A., & Grimm, C. (2012). Subtle gaze manipulation
for improved mammography training. In Proceedings of the symposium on eye
tracking research and applications. Santa Barbara. 75–82.
Stuijfzand, B. G., Van Der Schaaf, M. F., Kirschner, F. C., Ravesloot, C. J., Van Der Gijp, A., &
Vincken, K. L. (2016). Medical students’ cognitive load in volumetric image
interpretation: Insights from human-computer interaction and eye movements.
Computers in Human Behavior, 62, 394–403. https://doi.org/10.1016/j.chb.2016.04.015.
Swensson, R. G. (1980). A two-stage detection model applied to skilled visual
search by radiologists. Attention, Perception, & Psychophysics, 27, 11–16.
https://doi.org/10.3758/BF03199899.
The MathWorks, Inc (2013). MATLAB Version 2013a. Natick, MA: The MathWorks, Inc.
Tourassi, G. D., Mazurowski, M. A., Harrawood, B. P., & Krupinski, E. A. (2010). Exploring
the potential of context-sensitive CADe in screening mammography. Medical
Physics, 37, 5728–5736. https://doi.org/10.1118/1.3501882.
van der Gijp, A., Ravesloot, C. J., van der Schaaf, M. F., van der Schaaf, I. C., Huige, J. C.
, Vincken, K. L., … van Schaik, J. P. (2015). Volumetric and two-dimensional
image interpretation show different cognitive processes in learners. Academic
Radiology, 22, 632–639. https://doi.org/10.1016/j.acra.2015.01.001.
Vaughan, S., Sanders, T., Crossley, N., O’neill, P., & Wass, V. (2015). Bridging the
gap: The roles of social capital and ethnicity in medical student achievement.
Medical Education, 49, 114–123. https://doi.org/10.1111/medu.12597.
Voisin, S., Pinto, F., Morin-Ducote, G., Hudson, K. B., & Tourassi, G. D. (2013).
Predicting diagnostic error in radiology via eye-tracking and image analytics:
Preliminary investigation in mammography. Medical Physics, 40(10), 101906.
https://doi.org/10.1118/1.4820536.
Weltens, C., Menten, J., Feron, M., Bellon, E., Demarel, P., Maes, F., … van der
Schueren, E. (2001). Interobserver variations in gross tumor volume
delineation of brain tumors on computed tomography and impact of
magnetic resonance imaging. Radiotherapy and Oncology, 60, 49–59. https://
doi.org/10.1016/S0167-8140(01)00371-1.
Wolfe, J. M., & Horowitz, T. S. (2004). What attributes guide the deployment of
visual attention and how do they do it? Nature Reviews Neuroscience, 5, 495–
501. https://doi.org/10.1038/nrn1411.
Wolfe, J. M., Horowitz, T. S., Van Wert, M. J., Kenner, N. M., Place, S. S., & Kibbi, N.
(2007). Low target prevalence is a stubborn source of errors in visual search
tasks. Journal of Experimental Psychology: General, 136, 623–638. https://doi.
org/10.1037/0096-3445.136.4.623.
Wolfe, J. M., Vo, M. L. H., Evans, K. K., & Greene, M. R. (2011). Visual search in
scenes involves selective and nonselective pathways. Trends in Cognitive
Sciences, 15, 77–84. https://doi.org/10.1016/j.tics.2010.12.001.
Wooding, D. S., Roberts, G. M., & Phillips-Hughes, J. (1999). Development of the eye-
movement response in the trainee radiologist. SPIE Medical Imaging, 3663, 136–145.
Zhou, L., Zhang, Y. Y., Wang, Z. J., Rao, L. L., Wang, W., Li, S., … Liang, Z. Y. (2016).
A Scanpath analysis of the risky decision-making process. Journal of
Behavioral Decision Making, 29, 169–182. https://doi.org/10.1002/bdm.1943.
Crowe et al. Cognitive Research: Principles and Implications  (2018) 3:12 Page 14 of 14
